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The greatest disadvantage of reinforced concrete structures is the corrosion occurring in the reinforce-
ment which, over time, causes a reduction in the reinforcement-concrete adherence and eventual sec-
tional loss. The purpose of this study was to reveal the corrosion mechanism of ribbed reinforcement
inside additive-free (reference), 20% zeolite-doped and 20% diatomite-doped concrete samples after
exposure to 1 M HCl over 240 days. Electrochemical impedance spectroscopy (EIS) measurements were
made every 10 days. Consequently, it was determined that the 20% zeolite-doped concrete samples
had higher concrete and reinforcement resistance compared to the 20% diatomite-doped and the refer-
ence concrete, i.e. they exhibited less corrosion.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Steel reinforced concrete has been extensively used for over a
century. As a composite material, it incorporates many of the
advantages of concrete and steel, being economical and suitable
for on-site fabrication as well as possessing enhanced tensile
strength [1]. Concrete is the most widely produced construction
material on earth, with an annual consumption in the dozens of
billion tons [2,3]. In spite of the advantages of reinforced concrete,
corrosion of the steel bars remains its most common durability
problem [4]. The reinforcement steel in concrete is usually inactive
because the concrete provides a desirable high pH (13) medium
and also acts as a physical barrier isolating the steel from aggres-
sive elements in the environment [5]. However, steel will begin
to corrode once aggressive ions penetrate through the concrete
cover and reach a certain concentration.
The combination, or bonding, of the reinforcement and the con-
crete is called adherence. One of the major factors weakening the
adherence of the concrete and reinforcement is corrosion. The
bonds between the concrete and the reinforcement in an existing
reinforced concrete structure are adversely affected in direct pro-
portion to the amount of corrosion, and signiﬁcant decreases in
the strength of the construction elements may also be noted [6,7].
Internal stresses develop and cracks are observed on the con-
crete because of the volume enlargement resulting from thecorrosion of the reinforcing bars. Generally, reinforcement corro-
sion is a major problem that occurs in reinforced concrete bridges,
viaducts, onshore and offshore structures and structures in indus-
trial regions [8–10]. Corrosion occurring in reinforced concrete ele-
ments is a signiﬁcant factor that indisputably threatens and even
negates the safety of the structure [11,12].
One of the main causes for deterioration in concrete structures
is the corrosion of the concrete due to its exposure to harmful
chemicals found in nature and in the environment, such as in some
ground water, industrial efﬂuents, acid rain, acid mist, and seawa-
ter [13,14].
Today, it is known that hydrochloric acid is a considerably
harmful chemical for reinforced concrete structures. It is used in
almost every ﬁeld, from the manufacturing of PVC to iron–steel
production and from the production of organic material to the food
sector industries [13]. Meanwhile concrete has contact with HCl
during manufacturing process.
Zeolite, a natural pozzolana, achieves a bonding property by
reacting with Ca(OH)2 such as is found in the ﬂy ash and silica
fume in concrete. Previous studies have shown that the porosity
in cement paste samples prepared with zeolite was reduced over
time, and in addition to the positive physical and mechanical prop-
erties of zeolite, it was found to be a factor affecting the durability
of concrete [15–17].
Diatomite is a pozzolanic substance containing small amounts
of amorphous silica, cristobalite, and waste minerals [18].
Diatomite is an important industrial ore and may develop in pure,
sandy, alluvial, clayey, calcareous, marly, and tuff type media.
Table 1
Composition of the low carbon steel sample used in the experiment.
Elements C Mn Si P S Ni Cr Mo Sn Fe
Wt. (%) 0.36 0.23 0.20 0.61 0.025 0.11 0.12 0.01 0.02 98.315
Table 2
Chemical structure and physical properties of the concrete samples.
Reference Pure Diatomite Pure Zeolite Reference Pure Diatomite Pure Zeolite
Chemical components% Physical properties
SiO2 18.68 79.56 68.85 Blaine size (cm2/g) 4249 13,640 5740
Al2O3 4.67 6.54 11.71 Speciﬁc weight(g/cm3) 3.17 2.28 2.18
Fe2O3 3.53 2.76 1.29 90 lm Sieve analyses (%) 4.08 9.80 17.60
CaO 64.56 2.45 3.97 45 lm Sieve analyses (%) – 28.60 35.80
MgO 0.98 0.79 1.06
SO3 3.00 0.48 0.18
Na2O 0.14 2.63 0.29
K2O 0.73 0.69 2.19
Loss of ignition 3.92 3.88 10.00
Free lime 1.74 – –
Insoluble residue 0.50 75.98 37.32
Fig. 1. Schematic view of the concrete reinforcement.
Fig. 2. Experimental setup: (1) Ag/AgCl electrode; (2) Pt wire; (3) Working
electrode.
Fig. 3. R(C(R(CR))) circuit.
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as a cement additive [19,20]. The studies conducted have proved
that diatomite increases the resistance of blended cements [21,22].
Gerengi et al. comprehensively investigated the corrosion of
ribbed reinforcement inside additive-free (reference), 20%
zeolite-doped, and 20% diatomite-doped concrete samples in a
solution of 0.5 M H2SO4 in order to simulate and examine the effect
of acid rain [23].
In the present study, instead of using a 0.5 M H2SO4 solution,
ribbed reinforcement inside additive-free (reference), 20%
zeolite-doped, and 20% diatomite-doped concrete samples were
exposed to a solution of HCl similar to that common in industrial
use. The corrosion was measured via electrochemical impedance
spectroscopy (EIS) every 10 days over a period of 240 days and
the results were evaluated.
Materials and method
Preparation of the working electrode
Table 1 illustrates the composition of the ribbed structural steel
sample used in the experiment. Table 2 illustrates the chemicalcomposition and some physical properties of the materials used
in the preparation of the concrete samples. Additional ratios of
the three types of concrete samples that were prepared (20%
diatomite-doped, 20% zeolite-doped and additive-free reference)
are shown in Table 2. The total cross-sectional area of each sample
150 H. Gerengi et al. / Results in Physics 5 (2015) 148–153was equal to 94.2 cm2 (Fig. 1). The experimental samples were pre-
pared by using Portland cement TS EN 197-1 [24] CEM I 42.5 R con-
crete binder [25] in accordance with the standards. The diatomite
and zeolite were procured from the Turkish regional sources of
Kütahya and Balıkesir, respectively. Well water obtained from
Düzce was used in the mixture and the water/cement ratio was
ﬁxed as 0.5. Porosity values were measured 15 days after the sam-
ples were immersed in the solution, in accordance with ASTM C642
[26] standards. The lowest porosity values were determined as
0.85, 2.05, and 4.67 for the zeolite, reference and diatomite sam-
ples, respectively.
Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is a method that
has been successfully used for corrosion rate measurements for the
past 30 years. This electrochemical measurement technique is
operated by alternative current (AC) and is used in nearly every
sector because it provides extensive information about the electro-
chemical structure of a system [27]. In recent times, EIS has beenFig. 4. Nyquist curves obtained at the end of (awidely used to determine the corrosion rate of the reinforcement
inside concrete [28,29]. Because EIS contributes less damage to
the working electrode as compared to electrochemical measure-
ments performed by using direct current sources [30], the same
sample can be used repeatedly for EIS measurements [31]. This
method, via a suitable equivalent circuit, measures the electrical
response of the metal/solution interface within the speciﬁed fre-
quency range and enables the determination of the electrochemi-
cal parameters required to evaluate the corrosion mechanism [32].
The corrosion mechanism of the three differently composed
concrete samples (20% diatomite-doped, 20% zeolite-doped and
additive-free reference) in 1 M HCl was analyzed over 10-day peri-
ods for 240 days by using the EIS method. Fig. 2 shows the exper-
imental apparatus. In the triple electrode system, low carbon steel
was used as the working electrode, Ag/AgCl as the reference elec-
trode and Pt wire as the counter electrode.
Measurement of the corrosion potential of the steel in the con-
crete samples was performed within the 0.01–100 kHz frequency
range using the GAMRY PC3/600 potentiostat/galvanostat/ZRA sys-
tem; ZsimpWin 3.21 software was used to conduct the impedance) 1, (b) 30, (c) 60, (d) 120 and (e) 240 days.
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R(C(R(CR))) circuit model (Fig. 3). In the electrical circuit, Rct was
the change transfer resistance, Cdl the capacitance of the double
layer, Ccon the concrete capacitance, Rcon the resistance of the con-
crete, and Rs the solution resistance [33].Fig. 6. Graphical representation of the changes occurring in the concrete resistance
during the measurements.Results and discussion
In the experiment, Zeolite- and diatomite-doped and reference
concretes were subjected to 1 M HCl over 10-day periods for
240 days. At the end of 240 days, the resistances of the concrete
and the reinforcement inside were measured and the results were
compared. The resistance of the reinforcement and concrete in ref-
erence to these samples can be seen in Fig. 4(a–e), which shows the
Nyquist curves of the samples at the end of 1, 30, 60, 120, and
240 days, respectively.
It was observed that all the Nyquist curves given in Fig. 4 had
similar conﬁgurations. Nyquist curves similar to a half arch that
formed in high frequency and low frequency regions have also
been reported in previous studies [33–35]. Ping Gu et al. [36] gave
an explanation for the pattern shown in Fig. 5. The ﬁrst arch within
the high-frequency range is formed by the effect of the concrete
matrix [37]. The second arch in the low-frequency range deﬁnes
the corrosion process on the reinforcement surface. The reduction
in the size of the arch formed in the high-frequency region is based
on the increase in the porosity of the concrete samples and the ion
concentration in the cement paste [38].
As can be seen in Fig. 4(a–e), the scale of the arch formed in the
high-frequency region depending on exposure time in the refer-
ence sample decreased on average from 13 to 8X cm2, while the
arch formed in the low-frequency region depending on exposure
time enlarged. This difference showed that the porosity of the ref-
erence sample had increased with time. The difference in the Rcon
value measured over time in Fig. 6 veriﬁes this as well. While the
resistance of the reference sample (Rcon) decreased over time, an
increase was observed in the diatomite and zeolite samples, sub-
ject to the decrease in porosity.
The changes measured in the Nyquist curves of the diatomite
and zeolite concrete samples (Fig. 4(a–e)) were the reverse for
the reference sample. The size of the arch formed in the
high-frequency region increased on average from 15 to 42X cm2,
while the size of the arch formed in the low-frequency region
decreased approximately from 35 to 20X cm2. All these resultsFig. 5. Nyquist curves showing the general corrosion mechanism of the reinforce-
ment inside the concrete.supported the increase in the Rcon changes of the diatomite- and
zeolite-doped concrete samples given in Fig. 6.
At the end of the 240 days, the Rcon values had increased from
1790 to 4700X cm2 in the zeolite samples and from 1540 to
3450X cm2 in the diatomite samples, whereas this value had
decreased from 1620 to 1420X cm2 in the reference sample. As
can be seen, the difference in the other samples was considerably
higher than that in the reference sample.
Fig. 7 shows the changes occurring over time in the resistance of
the reinforcement inside the concrete samples (Rct). At the end of
240 days, the measured Rct value increased from 3970 to
4276X cm2 for the zeolite sample and from 1245 to 2300X cm2
for the diatomite sample, while this value decreased from 6520Fig. 7. Graphical representation of the changes occurring in the reinforcement
resistance during the measurements.
Fig. 8. Graphical representation of the changes occurring in the potential during the
measurements.
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changes in the Rcon data. The increase in the Rcon and Rct values
of the diatomite and zeolite samples showed that the porosity
had decreased and thus, the reinforcement was exposed to fewer
corrosive effects.
Regular measurement of the reinforcement potential is one of
the most common procedures used for the routine supervision of
reinforced concrete structures [39]. Fig. 8 shows the open circuit
potentials measured for 240 days. According to ASTM C876-09
standards, if the open circuit potential value measures are more
negative than 270 mV/SCE [40] or 225 mV/Ag,AgCl, there is a
90% probability that corrosion is present. All of the samples in
this experimental study were below this potential value. While
the potential of the reference sample decreased to 685 mV at
the end of 240 days, this value in the diatomite and zeolite
samples was measured more positively as 643 and 585 mV,
respectively. These data supported the Rcon and Rct changes.
The potential change of the reinforcement in the zeolite sample
showed that it was exposed to less corrosion by being in a more
positive region compared to the diatomite and reference
samples.Conclusion and recommendations
1. The results obtained in this study showed that the additives to
the concrete were important for the corrosion behavior of the
reinforcement in 1 M HCl.
2. The EIS measurements showed that the electrical parameters
(Rcon, Rct and E) were compatible with and supportive of each
other.
3. It was observed that the reinforcement inside the zeolite-doped
concrete in the 1 M HCl medium exhibited less corrosion com-
pared to the diatomite-doped and reference samples.
4. It was thought that use of the zeolite and diatomite additives
reduced the concrete porosity over time and thus, the reinforce-
ment corrosion was less than in the reference sample.
5. Based on these results, in terms of high corrosion resistance,
zeolite-doped concrete is recommended for use in environ-
ments where 1 M HCl is present.Acknowledgments
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